Abstract. The roles of hypoxia-induced and stem cell-associated genes in the development of malignancy and tumour progression are well known. However, there are a limited number of studies analysing the impact of mRNA expression levels of hypoxia-induced and stem cell-associated genes in the tissues of brain tumours and glioblastoma patients. In this study, tumour tissues from patients with glioblastoma multiforme and tumour adjacent tissues were analysed. We investigated mRNA expression levels of hypoxia-inducible factor-1α (HIF-1α), hypoxia-inducible factor-2α (HIF-2α), carbonic anhydrase 9 (CA9), vascular endothelial growth factor (VEGF), glucose transporter-1 (GLUT-1) and osteopontin (OPN), and stem cell-associated genes survivin, epidermal growth factor receptor (EGFR), human telomerase reverse transcriptase (hTERT), Nanog and octamer binding transcription factor 4 (OCT4) using quantitative real-time polymerase chain reaction (qRT-PCR). Our data revealed higher mRNA expression levels of hypoxia-induced and stem cell-associated genes in tumour tissue than levels in the tumour adjacent tissues in patients with glioblastoma multiforme. A strong positive correlation between the mRNA expression levels of HIF-2α, CA9, VEGF, GLUT-1 and OPN suggests a specific hypoxia-associated profile of mRNA expression in glioblastoma multiforme. Additionally, the results indicate the role of stem-cell-related genes in tumour hypoxia. Kaplan-Maier analysis revealed that high mRNA expression levels of hypoxia-induced markers showed a trend towards shorter overall survival in glioblastoma patients (P=0.061). Our data suggest that mRNA expression levels of hypoxia-induced genes are important tumour markers in patients with glioblastoma multiforme.
Introduction
Glioblastoma multiforme is the most common malignant brain tumour and is characterised by a poor prognosis. Glioblastomas often can only be resected partially and a cure is not possible. The treatment for glioblastoma consists mostly of surgery and subsequent radiotherapy with concomitant and sequential chemotherapy. However, despite multimodal treatment, the median overall survival of approximately 10-15 months is still very short (1) (2) (3) .
Hypoxia is the lack of oxygen, and it is an important factor that reduces the tumour response to radiation and chemotherapy. In addition, tumour hypoxia promotes mutagenesis and leads to genetic instability and clonal expansion of aggressive tumour cell types (4) . Numerous studies have shown that hypoxic tumours have a more aggressive phenotype (5) . Most high-grade gliomas have hypoxic regions (6) . Furthermore, it has been suggested that hypoxia is responsible for malignant progression and the development of 'cancer stem cells' in gliomas (7) . In vitro analyses revealed that low oxygen levels induced expression of stem cell-associated markers (8) (9) (10) (11) . It is well known that 'cancer stem cells' in particular are resistant to radiation and chemotherapy.
The prognostic significance of tumour hypoxia markers has been demonstrated in various solid tumours such as head and neck cancer, cervical, breast and prostate cancer, soft tissue sarcoma, melanoma, and glioblastoma (12, 13) . Furthermore, the contribution of cancer stem cells to the prognosis of glioma patients has been recently discussed (14) . There are several therapeutic strategies that affect the expression levels of hypoxia-induced and stem cell-associated genes in glioma (15, 16) . The impact of mRNA expression levels of hypoxia-induced and stem cell-associated genes in tumour tissue from glioblastoma patients has been insufficiently characterised. However, the most statistically significant gene set identified in a meta-analysis was the hypoxia-inducible mRNA expression levels of hypoxia-induced and stem cell-associated genes in human glioblastoma factor (HIF) pathway, which has been repeatedly implicated in glioblastoma (17) . In the present study, we determined the impact of mRNA expression levels of different hypoxia-induced [hypoxia-inducible factor-1α (HIF-1α), hypoxia-inducible factor-2α (HIF-2α), carbonic anhydrase 9 (CA9), vascular endothelial growth factor (VEGF), glucose transporter-1 (GLUT-1) and osteopontin (OPN)], and stem cell-associated genes [(survivin, epidermal growth factor receptor (EGFR), human telomerase reverse transcriptase (hTERT), Nanog and octamer-binding transcription factor 4 (OCT4)] that were quantified by quantitative real-time polymerase chain reaction (qRT-PCR) in tumour tissues from patients with glioblastoma. In addition to classical stem cell genes (Nanog and OCT4), mRNA expression levels of inhibitor-of-apoptosis protein survivin, the EGFR, and the catalytic subunit of telomerase hTERT were determined. The association of survivin, EGFR and hTERT in stem cells and/or cancer cells is well discussed. Recently, studies suggest that regulation of expression levels of these stem cell-associated genes is important for the development of glioma stem cells (18) (19) (20) (21) (22) (23) .
In addition, there are first indications, that the analysed stem cell-associated genes are upregulated also by hypoxia.
Materials and methods
Patients and tumour material. Pre-therapeutic tumour samples from 34 patients (treated from 1999 to 2004) with primary glioblastoma and 7 samples of brain tissue adjacent to malignant glioma were analysed in this study. The tumours were classified according to the World Health Organisation guidelines.
Tissue was collected following surgical resection and snap-frozen in liquid nitrogen prior to RNA extraction. The patients in this study have been partially described previously (24) . Clinical data, treatment and tumour characteristics were recorded (Table I ). The median patient age was 63 years, and the patient ages ranged from 27 to 78 years. There were 16 male and 18 female patients in this study. The median overall survival time was 9.8 months (0.7-47 months). The study was performed in compliance with the Helsinki declaration and was approved by the Ethics Committee of the Medical Faculty of the University of Halle. (Table II) and distilled water according to the manufacturer's instructions (Fermentas/Thermo Fisher Scientific, Inc.). The qRT-PCR reaction was performed on a Rotor-Gene 6000 (qiagen, Hilden, Germany) as previously described (25) . The PCR cycling included incubation for 15 min at 95˚C, followed by 40 cycles of the following: 30 sec at 95˚C, 30 sec at the specific annealing temperature (Table II) and 30 sec at 72˚C. A melting curve analysis in the temperature range of 65-95˚C (5˚C/sec) was performed. Three genes were used as reference: RNA polymerase II (RPII), glyceraldehyde-3-phosphate dehydrogenase (GAPdH) and hypoxanthine-guanine phosphoribosyl transferase (HPRT). Based on the NormFinder software, RPII was the most stably expressed gene in glioblastoma tissue. The expression levels of hypoxia-induced or stem cell-associated genes were quantified as (specific) mRNA copies/RPII mRNA copies.
Reverse transcription-and quantitative real-time PCR (qRT-PCR
Statistical methods. All statistical analyses were performed with the SPSS v.19 software package for Windows (SPSS Inc., Chicago, IL, USA). The differences in the numerical data between glioblastoma tissue and tumour adjacent tissue were evaluated using the Mann-Whitney U test. Bivariate correlation analyses were performed by Spearman's rank correlation test. The mRNA expression levels were stratified according to the median into low and high expression groups for each analysed gene. These expression groups were associated with clinicopathological parameters in cross-classified tables (Chi-square test). For survival analyses the overall survival of patients was used as the end point. The survival curves were generated using Kaplan-Meier analysis, and the log-rank test was applied to test for differences. For further univariate analyses, the Cox's proportional-hazards regression model was used to calculate the hazard ratio in the survival analysis. A P-value of <0.05 was considered to indicate a statistically significant result. 
Results

mRNA expression levels of hypoxia-induced and stem cell-associated genes in glioblastoma.
The mRNA expression levels of all hypoxia-induced and stem cell-associated genes in tumour tissues from glioblastoma patients (n=34) were higher than in tumour adjacent brain tissues (n=7). A significant difference was detected with respect to hypoxia-induced genes HIF-2α, CA9 and VEGF, and stem cell-associated genes hTERT and OCT4 (Table III) . However, the other hypoxia-induced and stem cell-associated genes did not have significant differential expression.
There was a significant association in bivariate analysis (Spearman's rho test) between mRNA expression levels of the hypoxia-induced genes CA9, HIF-2α and GLUT-1 with OPN, a marker of migration and metastasis. Furthermore, the expression of HIF-1α and HIF-2α correlated positively with the stem cell-related gene EGFR. Additionally, the expression of HIF-1α was associated with the expression of the stem cell-associated gene survivin (Table IV) . Altogether, our results suggest a distinct hypoxic mRNA profile for glioblastoma. We also found correlations between mRNA levels of stem cell-associated genes. EGFR transcript levels showed a significant positive correlation with survivin, and Nanog mRNA expression was significantly associated with OCT4 expression. However, expression of stem cell-associated and hypoxia-induced genes did not correlate with mRNA levels of hTERT (Table IV) .
Association of hypoxia-induced and stem cell-associated gene mRNA levels with clinical characteristics and survival.
Based on the median values, we found associations of hypoxia-induced and stem cell-associated gene expression levels with age and gender. Females (n=18) showed higher mRNA expression levels of the hypoxia-induced markers VEGF (P=0.039) and CA9 (P=0.039), and higher expression of the stem cell-associated genes Nanog (P=0.039) and OCT4 (P=0.015) than men (n=16). HIF-1α, hypoxia-inducible factor-1α; HIF-2α, hypoxia-inducible factor-2α; CA9, carbonic anhydrase 9; VEGF, vascular endothelial growth factor; GLUT-1, glucose transporter-1; OPN, osteopontin; EGFR, epidermal growth factor receptor; hTERT, human telomerase reverse transcriptase; OCT4, octamer-binding transcription factor 4; RPII, RNA polymerase II; GAPdH, glyceraldehyde-3-phosphate dehydrogenase; HPRT, hypoxanthine-guanine phosphoribosyl transferase.
In addition, higher mRNA expression levels of VEGF (P=0.016) and GLUT-1 (P=0.016) were detected in older patients compared to younger patients. The median age of patients with low mRNA expression levels of VEGF (P=0.016) and GLUT-1 were 9 or 5 years less compared to those patients who had high mRNA transcript levels in their tumours. Based on the median, neither gender nor age showed a significant association with clinical outcome. However, younger patients with an age ≤60 years (n=10) lived longer than patients older than 60 years (P=0.050). In addition, male patients were 9 years younger than female patients (P=0.023).
Kaplan-Meier analyses showed a significant decrease in the overall survival time for glioblastoma patients without radiotherapy and/or chemotherapy (P<0.001). Only 2 of the 9 glioblastoma patients with high mRNA expression levels of hypoxia-associated genes CA9, HIF-2α, GLUT-1 and OPN were treated with radiotherapy and chemotherapy. On the other hand, 16 of the 25 remaining patients (64%) received radiotherapy and chemotherapy (P=0.052). Based on the median levels, glioblastoma patients with high mRNA expression levels of hypoxia-associated genes showed a trend towards shorter survival time. The median survival time of glioblastoma patients with combined high mRNA expression levels of the hypoxia-associated genes CA9, HIF-2α, GLUT-1 and OPN (n=9) was 1.8 months (95% CI, 1.7-1.9 months) vs. 10.1 months (95% CI, 8.1-12.1 months, P=0.061) in the remaining patients (n=25). The risk of an early tumour-related death in patients with high mRNA expression levels of CA9, HIF-2α, GLUT-1 and OPN was 2.13 (P=0.067) (Fig. 1) .
Discussion
Hypoxia is a negative prognostic factor in solid tumours including malignant gliomas. A hypoxic microenvironment may promote the self-renewal capability of glioma cells towards a stem cell-like phenotype (8) . We analysed mRNA expression levels of different hypoxia-induced and stem cell-associated markers in tumour tissues from 34 patients with glioblastoma. Compared with tumour adjacent brain tissues, the mRNA expression levels of the hypoxia-induced genes HIF-2α, CA9 and VEGF were expressed at a significantly higher level in the tumour tissues (Table III) . Our findings are in agreement with the results of our previous study. In our previous study, we examined a limited number of other glioblastomas and P-value was considered significant if P<0.05. HIF-1α, hypoxia-inducible factor-1α; HIF-2α, hypoxia-inducible factor-2α; CA9, carbonic anhydrase 9; VEGF, vascular endothelial growth factor; GLUT-1, glucose transporter-1; OPN, osteopontin; EGFR, epidermal growth factor receptor; hTERT, human telomerase reverse transcriptase; OCT4, octamer-binding transcription factor 4.
detected high mRNA expression levels of HIF-1α, CA9, VEGF and erythropoietin (26) . Several other studies have reported higher mRNA expression levels of different hypoxia-induced genes in tissues of glioblastomas compared with low-grade astrocytoma or tumour adjacent tissue (27) (28) (29) (30) . Other studies detected high mRNA expression levels of stem-cell genes in Table IV . Bivariate correlation analysis between mRNA expression levels of hypoxia-induced and stem cell-associated genes in the glioblastomas. malignant glioma compared with surrounding non-tumour tissue (31) (32) (33) (34) (35) . Our study confirmed these results for the analysed stem cell-associated genes, hTERT and OCT4. Our analysis showed a strong correlation of expression levels for hypoxia-induced genes with each other. However, the HIF-1α mRNA level was only partially associated with other hypoxia-induced genes. In addition, the transcript levels of hypoxia-induced genes were also significantly associated with high OPN and EGFR mRNA levels in the glioblastoma (Table IV) . We previously showed that higher plasma OPN values were detected in glioma patients with larger and more necrotic tumours (36) . In addition, a significant association between mRNA expression levels of both hypoxia-induced genes HIF-1α and HIF-2α with the stem cell-related gene EGFR was observed. We also found an association between the expression of HIF-1α and survivin. In patients with glioblastoma, a stem cell-related 'self-renewal' signature was found to be associated with high EGFR expression and therapeutic resistance (37) . In vitro analyses showed an upregulation of survivin in neuronal and cancer stem cells (21, 38) . The role of survivin by hypoxia in tumour cells is controversial. However, there is also a link between HIF-1α, survivin and EGFR expression in breast cancer cell lines (39) . In addition an association between hypoxia-activated EGFR signaling and the epithelial-to-mesenchymal transition in the epithelial cancer cell line A431 was described (40) . Our results suggest that a hypoxia-induced mRNA profile is associated with the expression of stem cell-related genes in glioblastoma tissues. However, the stem cell-associated genes hTERT, OCT4 and Nanog showed no significant association with the expression levels of hypoxia-induced markers. These results indicate that the role of stem cell-related genes in tumour hypoxia should be examined more closely in future studies.
Hypoxia-induced genes Stem cell-associated genes
Several studies have demonstrated that higher protein levels of single hypoxia-induced genes correlate positively with malignancy and shorter survival in glioma patients (41) (42) (43) (44) (45) (46) . However, the prognostic impact is less obvious for hypoxia-induced genes at the mRNA expression level. VEGF but not EGFR, has been shown to be an independent prognostic marker in 86 patients with astrocytic malignant gliomas (30) . A study in glioma patients demonstrated that low VEGF mRNA levels were associated with a favourable outcome, but they were not an independent factor in a multivariate analysis (27) . However, another study in patients with astrocytoma showed that co-expression of EGFR, IGFBP-2 and HIF-2α were independent prognostic factors (28) . This is in agreement with our analysis, which showed that glioblastoma patients with high mRNA expression of CA9, HIF-2α, GLUT-1 and OPN had the shortest median survival time of 1.8 months. due to the limited patient number in this study, the high co-expression of hypoxia-induced genes showed only a trend of shorter overall survival. Several studies have shown that mRNA expression levels of stem cell markers also predict clinical outcomes and therapy resistance in patients with glioblastoma multiforme (37, (47) (48) (49) . Consistent with these results, the in vitro growth potential of patient cancer stem cells correlated with shorter overall and progression-free survival in glioblastoma patients (50) . However, in our analysis, the stem cell-associated genes survivin, EGFR, hTERT, Nanog and OCT4 showed no significant association with overall survival. It is possible that protein expression of the analysed stem cell-related genes is more closely associated with survival than mRNA expression.
In summary, in the present study, we detected a link between mRNA levels of hypoxia-induced and stem cell-associated genes in glioblastoma tissues. Both gene groups were expressed at higher levels in glioblastomas than in the tumour adjacent tissues. Notably, elevated mRNA expression levels of hypoxia-induced genes resulted in shorter survival times for glioblastoma patients. Our findings suggest that mRNA expression levels of hypoxia-induced and stem cell-associated genes are important markers in patients with glioblastoma multiforme. However, further prospective studies with a larger number of patients are necessary to support our findings.
